A novel full-inversion-based technique for quantitative ultrasound elastography was investigated in a pilot clinical study on five patients for non-invasive detection and localization of prostate cancer and quantification of its extent. Conventional-frequency ultrasound images and radiofrequency (RF) data (~5 MHz) were collected during mechanical stimulation of the prostate using a transrectal ultrasound probe. Pre and post-compression RF data were used to construct the strain images. The Young's modulus (YM) images were subsequently reconstructed using the derived strain images and the stress distribution estimated iteratively using finite element (FE) analysis. Tumor regions determined based on the reconstructed YM images were compared to whole-mount histopathology images of radical prostatectomy specimens. Results indicated that tumors were significantly stiffer than the surrounding tissue, demonstrating a relative YM of 2.5 ± 0.8 compared to normal prostate tissue. The YM images had a good agreement with the histopathology images in terms of tumor location within the prostate. On average, 76% ± 28% of tumor regions detected based on the proposed method were inside respective tumor areas identified in the histopathology images. Results of a linear regression analysis demonstrated a good correlation between the disease extents estimated using the reconstructed YM images and those determined from whole-mount histopathology images (r 2 = 0.71). This pilot study demonstrates that the proposed method has a good potential for detection, localization and quantification of prostate cancer.
Introduction
Prostate cancer (PCa) is the most frequently diagnosed cancer and the third cause of cancer-related death in men (after lung and colorectal cancer) [1] . Similar to other types of cancer, early detection plays an important role in successful management of PCa. Studies have shown that the 5-year survival rate of prostate cancer associated with early diagnosis is almost 99% while this rate falls sharply to less than 28% for patients with late diagnosis [1] . To increase the chance of PCa detection at early stages periodic screening is recommended for men after the age of 50. In case of detecting suspicious abnormalities through screening, prostate needle biopsy is administered which is still considered as the clinical gold standard for PCa diagnosis [2] . Given that needle biopsy is invasive and is associated with issues including discomfort and infection, it is desirable to develop a non-invasive PCa diagnosis system that has high sensitivity and specificity for early detection while it can be potentially used for needle biopsy guidance to improve its outcome. Conventional PCa screening and detection techniques such as digital rectal examination (DRE) and prostate-specific antigen (PSA) testing are known to have inadequate sensitivity and specificity [3] . As such, imaging techniques based on low-cost and widely-available modalities that can improve the accuracy of prostate cancer detection is highly desirable for periodic clinical screening of PCa. Transrectal ultrasonography (TRUS) is an inexpensive, rapid and portable imaging modality that typically does not rely on injection of any exogenous contrast agent. PCa typically appear hypoechoic on TRUS. Since many hypoechoic regions found on TRUS are not cancer and many cancer cases are not hypoechoic [4, 5] , TRUS ability to detect and localize prostate cancer is limited. In an attempt to increase the sensitivity and specificity of TRUS, contrast-enhanced TRUS (CEUS) has been developed which measures tissue vascularisation using micro-bubbles as contrast agent. Recent studies have shown that CEUS is a promising technique for tumor localization [6] . However, clinical applications of microbubble agents remain limited due to difficulties in regulatory approval in many countries including the United States. A number of other methods process ultrasound backscattered radiofrequency (RF) signals to determine the bio-acoustic properties of the underlying tissue for characterizing its microstructure [7, 8] . In this context, computer-aided TRUS frameworks, such as HistoScanning, were developed for PCa detection [9] . While initial results obtained using such techniques are promising, their application in routine clinical practice is still under evaluation [10] [11] [12] .
To benefit from higher quality imaging modalities, a number of magnetic resonance imaging (MRI) techniques have been investigated for PCa assessment. The most common technique is the standard T2-weighted MR imaging which has demonstrated a relatively good sensitivity but low specificity in detecting PCa [13] [14] [15] . This method is not capable of accurate detection of cancer in the prostate's transitional zone while it suffers from significant intra-observer variability in PCa detection. Sensitivity and specificity of standard MR sequences can be improved in part using endorectal coils to increase the signal-to-noise ratio and quality of MR images. However, utilizing endorectal coil in MR imaging of the prostate is associated with patient discomfort and extra cost [16] . Functional and physiologic MR imaging techniques in conjunction with multi-parametric analysis demonstrated improvement in sensitivity and specificity of PCa detection [17] . Among these, MR spectroscopy imaging (MRSI) [18] , Dynamic contrast-enhanced MRI (DCE-MRI) [19] and diffusion-weighted imaging (DWI) [20] are the most commonly used techniques. In particular, using these images in a multi-parametric MRI (mp-MRI) framework has demonstrated to improve tumor detection, localization and characterization, especially in the transitional zone [21, 22] . The performance of mp-MRI is, however, still limited due to the intrinsic MR image limitations in visualizing prostate tumor regions [23] and inter-observer variability of tumor delineation [24] .
Another imaging modality that has been applied for PCa assessment is positron emission tomography (PET). Whereas earlier studies showed that PET has limited sensitivity and specificity for PCa detection, capabilities of PET in PCA detection are still under investigation and several groups are examining new tracers to improve its accuracy in this context [25] [26] [27] . However, image resolution of PET images is poor (N5 mm); hence, it is suggested that PET be used in combination with other image modalities [27] .
Given the complexity and variability of PCa pathologies, many research groups have been pursuing multimodality imaging approach as no single modality imaging technique has proven to be adequate [28] . While imaging additional tissue properties increases the chance of reliable PCa detection and diagnosis, selecting complementary characteristics should be done carefully, considering clinical acceptability and cost. Ultrasound (US) elastography or elasticity imaging, a method that utilizes local tissue stiffness as a contrast mechanism, can be considered for this purpose since it can be used near simultaneously with the low cost and widely available US imaging modality. The general concept of elastography has been used clinically for diagnostic purposes as alteration in tissue stiffness is frequently associated with pathology [29, 30] . Several groups investigated US elastography techniques for prostate cancer detection and characterization [31] [32] [33] , and for guiding needle biopsy procedure [34, 35] . These techniques, however, are based on strain imaging. In strain imaging techniques, tissue strain images are generated using a set of ultrasound RF data acquired prior to and after a quasi-static mechanical stimulation to approximate the tissue elastic modulus distribution. Although strain imaging is suitable for real-time applications, it assumes a uniform stress distribution over the entire field of view. This stress uniformity assumption is invalid in the prostate imaging due to tissue heterogeneity and irregular geometry, Translational Oncology Vol. 10, No. 5, 2017 Full Inversion Ultrasound Elastography of the Prostate Mousavi et al.
often leading to low image signal to noise (SNR) ratio. To improve strain imaging, full inversion-based elastography techniques were proposed [36] . Such techniques provide more accurate elasticity maps since they incorporate stress non-uniformity in the tissue elastic modulus image reconstruction. Despite the availability of theoretical and practical evidence pointing toward potentials of using this elastography technique for PCa detection and assessment, lack of clinical studies has hindered its consideration as a viable clinical tool. To our knowledge, there is no previous clinical study other than the study we performed to detect prostate lesions in two cases to obtain a proof of concept [37] . In this research, merits of the full-inversion-based prostate US elastography technique we developed recently [37] was investigated via a small pilot clinical study for the first time. Specifically, the efficacy of the technique was evaluated for detection and localization of prostate cancer and quantification of disease extent. Tumors identified using this technique were compared and correlated to those identified from the gold standard technique of whole-mount histopathology of prostatectomy specimens. Results show a good agreement between the reconstructed YM images and corresponding histopathology images in terms of tumor location within the prostate. They also demonstrate a good correlation between disease extent estimated from the reconstructed elasticity maps with those identified from histopathology images (r 2 = 0.71). This pilot study provides further evidence necessary to pave the way for clinical use of the proposed method aiming at early detection, localization and quantification of PCa as well as minimizing the number of prostate needle biopsies.
Materials and Methods

Clinical Study Protocol and Data Collection
The clinical study was conducted in accordance with institutional research ethics approval from Sunnybrook Health Sciences Centre. The inclusion criteria were patients confirmed with adenocarcinoma of the prostate gland via a core biopsy procedure, having T2/T3 disease on histopathologic examination and consented for radical prostatectomy. Exclusion criteria were being on androgen deprivation therapy or prior chemotherapy or radiotherapy to the pelvis. All the ultrasound data in this study were collected based on standardized protocols of data acquisition. Ultrasound scans were performed with patients in lithotomy position using an in-house rail-based probe mount fixture. The ultrasonographer was blinded to the biopsy and histopathology results. Patients were scanned within 2 weeks before their radical prostatectomy. Data were collected with a Sonix RP system (Ultrasonix Medical Corporation, Richmond, BC, Canada) using a BPC8-4/10128 element curvilinear array ultrasound transducer at the tip of a biplane transrectal probe (Vermon S.A., Tours, France), with a center frequency of~5 MHz. Collected data consisted of ultrasound B-mode images and RF data acquired in transverse planes spanning the whole prostate, prior to and after a quasi-static mechanical stimulation with the probe. RF data were sampled at 40 MHz. The applied line density was 512 with an 85% sector width permitting 430 RF lines per frame.
Histopathology Analysis
Following surgery, patient prostatectomy specimens were fixed, sectioned, and mounted on whole-mount histopathology slides (2" × 3"). The specimens were sectioned in a serial fashion from apex to base at a 90°orientation perpendicular to the urethra, nominally matching the orientation at which ultrasound scans were performed. Staining was performed with haematoxylin and eosin (H&E). Stained glass slides were digitized at 1-µm resolution using a confocal scanner (TISSUEscope; Huron Technologies, Waterloo, ON, Canada). The digital images were examined by a pathologist to detect and localize malignancies. Cancer regions were contoured by the pathologist on the images and their respective areas were quantified using ImageJ (NIH, Bethesda, MD, USA). The extent of disease was quantified by calculating the total area of contoured cancer regions in each prostate section relative to the area of the entire prostate in that section.
Young's Modulus (YM) Reconstruction
Because of the small deformation induced by TRUS probe's mechanical stimulation in the prostate, the prostate tissue can be considered as linear elastic and isotropic. Under these conditions, YM values can be calculated using the following equation derived from Hooke's law:
In this equation ε and σ represent the tissue strain and stress resulting from mechanical stimulation, respectively, where x and y represent the two orthogonal axes of the strain image while υ is the tissue's Poisson's ratio. The prostate tissue can be considered as a near-incompressible material, hence υ = 0.49 was employed for the YM image reconstruction.
To calculate strain values necessary for YM reconstruction, we used the method developed by Rivaz et al. [38, 39] . In this method, strain values in the field of view are calculated using two radiofrequency (RF) signal sets corresponding to the pre-and post-compression states of the tissue.
In order to calculate the stress field in the prostate under the mechanical stimulation induced by the TRUS probe, finite element method (FEM) was used. FEM requires the geometry and YM values of the tissue as well as the boundary conditions. In this work, 2D TRUS B-mode images were used to construct the FE model. Since YM values are required for the FEM to calculate the stress values, the proposed method follows an iterative procedure. It starts with an initial guess of the YM values to calculate initial stress values followed by YM values updating in each iteration and continuing the iterations until convergence is achieved. The flow diagram of the proposed method is shown in Figure 1 .
Statistical Analysis
In order to segment the tumor region in the YM images, YM values were normalized for each case to obtain the Z-scores of relative YM values. Areas with Z-cores N1.98 (having the top 5% stiffness) were then considered as the tumor region. The Dice similarity coefficient was used to evaluate the overlap between the tumor area determined by the proposed method and its counterpart identified in the corresponding histopathology image. Linear regression analysis (PASW Statistics 18, SPSS Inc., Chicago, IL) was carried out to evaluate potential correlations between the extent of tumor identified on histopathology images and those determined noninvasively using the reconstructed YM images.
Results
Characteristics of the PCa patients who participated in this study, along with their disease specification, are summarized in Table 1 . The patients' age ranged from 59 to 74 years with Average ± SD value of 66 ± 6 years. Their PSA level ranged from 6.2 to 45.1 ng/ml with Average ± SD value of 14.6 ± 17.1 ng/ml. Histopathology analysis indicated Gleason scores of 3 + 4 (40%) and 4 + 5 (60%) for the patients. Figure 2 illustrates the B-mode images and their corresponding clinical strain images, calculated strain images, and the reconstructed YM images of the 5 patients. It also shows the tumor regions detected based on the YM images overlaid on the B-mode images as well as the histopathology image of each case. The tumor area is not quite detectable in B-mode and strain images due to low sensitivity/specificity and signal to noise ratio, whereas the YM images demonstrate the tumor areas quite clearly.
In order to calculate the Dice similarity coefficient for each case, the prostate was manually segmented in the respective US B-mode image and registered to the prostate contour in the corresponding histopathology image using a non-rigid registration function (B-spline grid, MATALB, The MathWorks Inc., Natick, MA, USA). The obtained transformation for each case was applied to the corresponding reconstructed YM image to be registered with the histology image. Figure 3 illustrates the tumor regions determined based on the YM images (outlined in solid black) registered to the histopathology images (with tumor regions outlined in solid white). Henceforth, the former and latter tumor outlines will be referred to as calculated and true tumor outlines, respectively. The Dice coefficients between these outlines were calculated at 0.74, 0.38, 0.26, 0.63 and 0.34 for the 5 patients, respectively. In addition to the true and calculated outlines of tumor, Figure 3 also shows circles outlined in yellow which are drawn to assess tumor targeting error in hypothetical utilization of the proposed technique in image-guided needle biopsy. For each case, the circle is centered at the centroid of the calculated tumor area while the radius was selected such that the circle remains within the overlap region of the true and calculated tumor areas.
As seen in the figure, in all patients except patients #3, the circles remain entirely within their respective common tumor areas. The radii of these circles range from 2 mm to 7 mm with Average ± SD The plot demonstrates relative areas of disease estimated noninvasively using the reconstructed YM images versus those identified from whole-mount histopathology. Each case has been labeled with the patient number. The lines were fitted to data via linear regression analyses and presented within the 95% confidence intervals. value of 5.0 ± 2.3 mm. This implies that by aiming at the centre of the calculated tumor area during needle biopsy guided by the proposed elastography technique, an average margin of targeting error of 5 mm is acceptable to hit the tumor. Figure 4 demonstrates results of linear regression analyses performed using the data obtained from all patients to evaluate the levels of correlation between the extent of disease predicted noninvasively using the reconstructed YM images and those identified from the whole-mount histopathology slides. Specifically, the scatter plot of predicted versus identified areas of disease relative to the whole prostate area is presented with the best line fitted to the data and the 95% confidence interval. Linear regression analysis resulted in an r 2 value of 0.71. Figure 5 is a three-dimensional scatter plot demonstrating Gleason score versus corresponding PSA level and relative YM value associated with each tumor. The tumors demonstrated a 2.5 ± 0.8 folds higher stiffness on average compared to the surrounding normal tissues. No significant correlation was observed between the YM ratio of a tumor and its associated Gleason score or PSA level.
Discussion and Conclusions
In this pilot study, the efficacy of our proposed full inversion elastography method was investigated for detection, localization and quantification of prostate cancer using the data acquired from 5 patients. The objective of this preliminary clinical study was to evaluate our proposed elastography method for detection and localization of prostate lesion for PCa screening and needle biopsy guidance. The tumors were successfully detected in all cases based on their higher YM value compared to the surrounding tissue (average relative YM = 2.5 ± 0.8) in consistence with their available Gleason scores and PSA levels. On average, 76% ± 28% of the tumor regions detected based on the proposed method were inside tumor area identified within the histopathology images with 2 cases being entirely within their respective true tumor areas. The results indicate that there is a reasonably good correlation between tumor extension estimated using the proposed technique and its counterpart estimated from the gold standard findings of histopathology (r 2 = 0.71). This implies that YM images reconstructed using the proposed method are capable of estimating the extent of prostate cancer reasonably accurately. Overall, the results obtained in this preliminary pilot study suggest a good potential of the proposed method for detection and localization of prostate lesions as well as quantification of disease extent. The results are very encouraging, especially in the context of comparative assessment with what can be attained from traditional B-mode and strain images. Both of the latter options are known to have inadequate sensitivity/specificity and signal to noise ratio for detecting and localizing the tumor area.
The proposed elastography technique was evaluated for hypothetical utilization in image-guided needle biopsy procedures. The results indicated that in a needle biopsy procedure guided by the proposed technique, by aiming at the centre of the estimated tumor region, an average margin of targeting error of 5 mm is acceptable to hit the tumor. Conventional procedures for ultrasound-guided needle biopsy of prostate are not targeted as they involve randomly sampling distinct areas of prostate capsule [40] . Therefore, the proposed full inversion elastography technique can potentially facilitate a more accurate and targeted prostate needle biopsy procedure compared to conventional ultrasound-guided biopsy systems.
Although there is a good match between the tumor locations in the YM and histopathology images, the proposed method underestimated the extent of the disease in 3 cases out of the 5 cases investigated. Apart from YM reconstruction errors due to modeling and data acquisition and processing in addition to histopathology process errors, the observed underestimation implies incomplete consistency between cancer extent and tissue stiffening. In this regard, further research is required to investigate the stiffening process during prostate tumor formation to conceive better modeling tools for improved elastography algorithms [41] . Recent studies that used other imaging modalities including MRI to estimate the extent of prostate cancer reported that such imaging modalities also frequently underestimate the extent of disease [23, 42] . Anwar et al. found that the margins of the tumor regions detected in MR images should be expanded at least by 5 mm to include 95% of actual tumor volume that was not initially covered [23] .
Some of the YM images generated by the proposed method indicate some artifacts close to the rectum, near the probe. Due to the known intrinsic nonlinear elasticity nature of soft biological tissue, these areas are most likely due to the rectum tissue stiffening resulting from high strains applied at the contact area. Irrespective of their source, these artifacts were always outside the prostate capsule; therefore they are not a significant concern from clinical perspective.
The proposed elastography method generates quantitative maps of tissue biomechanical properties. As such, it has a good potential to be applied for lesion characterization. In the context of quantitative elastography, supersonic shear wave imaging was recently developed which has shown promise for imaging tissue elasticity [43] . Prostate clinical studies have demonstrated that Supersonic has sensitivity and specificity of 0.90 and 0.88 for prostate cancer characterization [44] . Although quantitative, the reproducibility of the Supersonic images is low [45] and the results are highly dependent to the operator [46] . The images are also heterogeneous and not suitable for tumor localization [46] .
A number of other non-invasive imaging modalities have been investigated for PCa diagnosis including those based on PET and mp-MRI [47] [48] [49] [50] . These imaging modalities are costly and frequently need external contrast agents to detect PCa. Ultrasound elastography is a relatively inexpensive and portable imaging modality that relies on the intrinsic biomechanical properties of tissues as the source of imaging contrast and, hence it does not require any exogenous contrast agents for imaging. It can be applied simultaneously with US Figure 5 . A three-dimensional scatter plot demonstrating relative YM of tumor to surrounding tissue versus Gleason score and PSA level for each patient. The numbers above each case present the corresponding Gleason score, PSA level, and YM ratio, respectively.
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imaging to provide complementary information for PCa detection and characterization. An obstacle to using the proposed method for real-time YM imaging is the FE computation necessary for image reconstruction. This can be addressed effectively using model reduction techniques or parallel computing using graphics processing units (GPUs). The clinical study presented in this work should be regarded as a preliminary pilot study to assess the potential accuracy and clinical utility of the proposed technique. To the best of our knowledge this is the first pilot clinical study of an unconstrained full-inversion-based US elastography technique. While it suffers from lack of high statistical power, it has shown significant promising results that warrants conducting a large clinical study involving a large cohort of patients with the aim of assessing the method's sensitivity and specificity.
In summary, the proposed quantitative elastography method investigated in this study has the potential to serve as a non-invasive, widely-available and low cost clinical tool for the detection localization and characterization of the prostate cancer. Based on the fact that PCa formation and degeneration introduce considerable alterations in tissue stiffness, the proposed method maybe potentially applied for evaluating cancer invasiveness as well as its response to anti-cancer therapies [51] [52] [53] .
